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- -  ABSTRACT 

An eva lua t ion  of t h e  Skylab N C 1  and NC2 rendezvous 
maneuver t a r g e t i n g  method, as proposed t o  t h e  Software 

conducted. Two a s p e c t s  were s tud ied :  
Configurat ion Control  Board on March 1 7 ,  1 9 7 0 ,  has 

1. How w e l l  can t h e  proposed modified CSI 
two-maneuver t a rge t ing  method compute 
a three-maneuver sequence, and , c . 

;. , - 2 .  How e f f e c t i v e  i s  the  proposed c o r r e c t i o n  
f o r  Keplerian propagation? 

The s tudy produced t h e  following conclusions:  

1. The modified CSI t a r g e t i n g  method produces 
e x c e l l e n t  r e s u l t s  when compared t o  t h e  s o l u t i o n s  obtained 
by t h e  conic  NC/NH/NSR t a r g e t i n g  method. This  means t h a t  
t h e  approximations used i n  the  modified C S I  method are 
adequate f o r  t h e  Skylab rendezvous. 

2.  Conic t a r g e t i n g  with t h e  proposed c o r r e c t i o n  f o r  
Kepler ian propagation produced e x c e l l e n t  s o l u t i o n s  for  t h e  
N C 1  and NC2 maneuvers when compared t o  t h e  prec is ion-  
i n t e g r a t e d  s o l u t i o n s .  

3 .  The NC1 maneuver in-plane de l ta -v  can be i n  e r r o r  
by s e v e r a l  f t /sec on e i t h e r  s i d e  of t h e  idea l  s o l u t i o n  wi th  
no apprec iab le  a f f e c t  on the  t o t a l  del ta-v requi red  f o r  
rendezvous. Outside t h i s  range, one o r  more of t h e  subsequent 
maneuvers w i l l  be r e t rog rade  and a s i g n i f i c a n t  de l ta -v  pena l ty  
i s  poss ib le .  The conic  t a r g e t i n g  methods without  t h e  correc-  
t i o n  f o r  Keplerian propagation can produce NC1 s o l u t i o n s  which 
are near  t h e  edge o f ,  b u t  wi th in ,  t h e  no de l t a -v  pena l ty  range. 
Such a b iased  NC1 s o l u t i o n ,  t oge the r  with expected naviga t ion  
and maneuver execut ion e r r o r s ,  is  l i k e l y  t o  r e s u l t  i n  NC1 
maneuvers ou t s ide  the  no penal ty  range. 

4 .  An NC1 maneuver which i s  l a r g e r  than t h e  i d e a l  
causes  t h e  a c t i v e  v e h i c l e  t o  be f u r t h e r  behind t h e  t a r g e t  
a t  NC2 and a t  NCC. This  r e s u l t s  i n  an inc rease  i n  t he  s l a n t  
range during t h e  NC2 t o  NCC phase, so g r e a t ,  i n  some cases, 
t h a t  VHF t r ack ing  i s  not  poss ib le  p r i o r  t o  t h e  NCC maneuver. 
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Based on conclusions 3 and 4 ,  it i s  recommended 
t h a t  a c o r r e c t i o n  fo r  Keplerian propagation be incorpora ted  
for t h e  Skylab CSM on-board t a r g e t i n g  r o u t i n e  f o r  t h e  NC1 
maneuver. 
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MEMORANDUM FOR FILE 

I. In t roduct ion  

A study of t h e  MSC proposed on-board N C l / N C 2  
rendezvous t a r g e t i n g  rout ine* has been performed t o  
determine i t s  ef fec t iveness .  Two sepa ra t e  problems 
w e r e  s tudied:  

A .  The accuracy of t he  proposed t a r g e t i n g  
rou t ine  a s  compared t o  a t r u e  NC/NH/NSR 
t a r g e t i n g  rout ine  when both  r o u t i n e s  
u s e  conic  equations of motion, and 

B. T h e  accuracy of the proposed t a r g e t i n g  
rou t ine  as compared t o  an NC/NH/NSR 
t a r g e t i n g  routine when the former uses 
conic equat ions of mot ion  and the l a t t e r  
advances state vec tors  by i n t e g r a t i o n  
w i t h  a non-spherical g r a v i t y  model. 

The f i r s t  problem arises from t h e  f a c t  t h a t  t h e  
proposed on-board N C l / N C 2  t a r g e t i n g  rout ine  uses some 
a n a l y t i c a l  approximations and the s o l u t i o n  f o r  a two-maneuver 
sequence t o  obta in  t h e  delta-v requi red  f o r  t h e  f i r s t  
maneuver of a three-maneuver sequence. The  second problem 
a r i s e s  from t h e  f a c t  t h a t  the  proposed rou t ine  uses  conic  
equat ions  of motion t o  approximate the t r u e  motion of t h e  
spacec ra f t  i n  a non-spherical  g r a v i t y  f i e l d .  I n  s tudying 
t h e  second problem, M S C ' s  proposed approximate co r rec t ion  
t o  account f o r  t h e  e r r o r s  due t o  Keplerian propagation was 
evaluated.  

11. Proposed Skylab Rendezvous P r o f i l e  

The proposed Skylab rendezvous p r o f i l e  c o n s i s t s  
of t h e  sequence of events shown i n  Table 1. The t a r g e t  

*This i s  an evaluation of t h e  Skylab rendezvous 
p r o f i l e  and t a r g e t i n g  schemes a s  proposed t o  the AAP 
Spacecraf t  Software Configuration Control Board 
March 1 7 ,  1970  (see Reference 2 ) .  
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SEQUENCE OF EVENTS DURING SKYLAB RENDEZVOUS 

Event  

I n s e r t i o n ,  

NC1 Maneuver 

NC2 Maneuver 

NCC Maneuver 

N S R  Maneuver 

T P I  Maneuver 

TPF Maneuver 

N o .  Orb i t s  of Coasting 
F l i g h t  Following Event  

M i n i m u m  of (M-3.5, 3.5) 

Maximum of (1.5, M-5.5) 

1/2 o r b i t  p l u s  15 degrees 

1/2 o r b i t  less 15 degrees 

1/2 o r b i t  o r  less 

130 degrees of t r a v e l  of 
t a r g e t  o r b i t  

--_- 

Resul t ing Orb i t  
(n.m.1 

(81 x 120) 

(120 x 95) t o  (120 x 215) 

(215 x 95) t o  (215 x 215) 

(215 x 225) 

(225 x 225) 

(225 x 237.5) 

(235 x.235) 

TABLE 1 
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veh ic l e  i s  i n  a 235 nm circular o r b i t ,  and t h e  a c t i v e  
veh ic l e  i s  i n s e r t e d  a t  perigee of an 81 x 1 2 0  nm o r b i t .  
The t o t a l  number of o r b i t s  from i n s e r t i o n  t o  completion 
of rendezvous i s  a func t ion  of t h e  phase angle  t h a t  e x i s t s  
a t  i n s e r t i o n .  This study w i l l  consider  a l l  M numbers* 
from 4 t o  1 6 .  Reference (1) presents  a study of SL-2 
launch oppor tun i t i e s ,  and shows t h e  phasing c a p a b i l i t y  
obtained a s  a func t ion  of M. 

Figure 1 shows the  proposed Skylab rendezvous 
p r o f i l e  f o r  M = 4 .  The f i g u r e  shows the r e l a t i v e  motion 
of the  a c t i v e  vehic le  with respec t  t o  t h e  pass ive  veh ic l e  
i n  l o c a l  v e r t i c a l ,  c u r v i l i n e a r  coordinates  centered I n  
t h e  pass ive  vehic le .  
pass ive  o r b i t  and t h e  r e l a t i v e  pos i t i on  of t he  a c t i v e  
veh ic l e  with r e spec t  t o  the passive veh ic l e  i s  given by 
i t s  d i s t ance  behind and i t s  d i f f e r e n t i a l  a l t i t u d e .  Distance 
behind i s  t h e  product of the  rad ius  of t h e  pass ive  veh ic l e  
and t h e  phase angle between t h e  two veh ic l e s .  T h e  d i f f e r -  
e n t i a l  a l t i t u d e  i s  simply t h e  d i f f e r e n c e  i n  t he  a l t i t u d e s  
of t he  a c t i v e  and passive vehicles .  These q u a n t i t i e s  a r e  
p o s i t i v e  f o r  t h e  a c t i v e  vehic le  below and behind t h e  pass ive  
vehic le .  

The hor izonta l  a x i s  l i e s  along t h e  

N C 1  and NC2 are phasing maneuvers, and NCC i s  a 
c o r r e c t i v e  combination maneuver designed t o  i n s u r e  on-time 
a r r i v a l  a t  t he  des i r ed  NSR condi t ions.  NSR, T P I ,  and TPF 
a r e  t h e  s tandard Apollo c o e l l i p t i c ,  Terminal Phase I n i t i a -  
t i o n ,  and Terminal Phase F ina l i za t ion  maneuvers. 

111. Targeting t h e  Skylab Rendezvous Maneuvers 

The only major new rendezvous t a r g e t i n g  r o u t i n e  

Apollo Guidance Computer rou t ines  f o r  
requi red  f o r  t h e  Skylab CSM computer i s  the  NC1 and NC2 
t a r g e t i n g  rout ine .  
t a r g e t i n g  t h e  NSR, T P I ,  and TPF maneuvers have already been 
developed f o r  Apollo, and w i l l  be d i r e c t l y  usable  f o r  Skylab. 
There is a requirement for a t a r g e t i n g  r o u t i n e  f o r  t h e  NCC 
maneuver, bu t  t h e  only new coding t o  be developed involves  
a rou t ine  t o  e s t a b l i s h  t h e  t a r g e t  vec tor  requi red  fo r  t h e  
a l ready a v a i l a b l e  prec is ion  o f f s e t  L a m b e r t  aim-point rou t ine .  

Both t h e  N C 1  and the  NC2 maneuvers can be t a r g e t e d  

Thus, only one  new t a r g e t i n g  rou t ine  i s  requi red ,  
as t h e  f i r s t  maneuver of t h  NC/NH/NSR three maneuver 
sequence. 

*The M number notat ion denotes t h e  o r b i t  number of t h e  
a c t i v e  veh ic l e  a t  which rendezvous is obtained.  T h e  counter  
M i s  i n i t i a l i z e d  t o  1 a t  f i r s t  apogee of t h e  a c t i v e  vehic le .  
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and t h e  inpu t  parameters t o  t h e  rou t ine  are changed according 
t o  t h e  maneuver being computed. 
a n a l y t i c a l  approximations and t h e  s o l u t i o n  t o  t h e  CSI/CDH 
two-maneuver sequence t o  compute t h e  N C 1  and NC2 maneuvers. 
The method i s  discussed i n  Reference ( 2 ) ,  and t h e  au tho r s '  
vers ion  of t h e  Apollo CSI/CDH t a r g e t i n g  r o u t i n e  was 
accordingly modified f o r  t h i s  study. This t a r g e t i n g  method 
w i l l  be  r e f e r r e d  t o  as t h e  modified C S I  method i n  the 
remainder of t h i s  memorandum. T h i s  method uses conic  
equat ions of motion when advancing t h e  a c t i v e  and pass ive  
s ta tes .  The terminology " t r u e  conic  method" i s  used i n  
t h i s  memorandum t o  des igna te  the  t a r g e t i n g  method which 
considers  the complete NC/NH/NSR sequence. 

MSC proposes using some 

There i s  an inherent  e r r o r  i n  t h e  s o l u t i o n  
produced by a t a r g e t i n g  rout ine  t h a t  assumes conic  equat ions 
of motion. This problem is discussed i n  Reference ( 8 )  where 
it i s  shown t h a t  t h e  magnitude of t h e  e r r o r  i s  p r imar i ly  a 
func t ion  of t h e  l a t i t u d e s  of t h e  a c t i v e  and pass ive  veh ic l e s  
a t  t h e  t i m e  t h e  maneuver i s  t o  be performed. 
proposed a simple method of cor rec t ing  f o r  t h i s  error,  and 
i t  i s  discussed i n  References (2 )  and ( 8 ) .  T h e  proposed 
co r rec t ion  w a s  s tud ied  w i t h  both t h e  modified C S I  and the 
t r u e  conic  NC/NH/NSR ta rge t ing  methods. T h e  methods w i l l  
be r e f e r r e d  t o  a s  cor rec ted  or  uncorrected according t o  
whether o r  n o t  t h e  proposed cor rec t ion  is used. 
t i v e n e s s  of t h e  co r rec t ion  i s  t o  he evaluated.  

MSC has 

T h e  effec- 

I n  order  t o  have a b a s i s  for comparison of t h e  NC 
t a r g e t i n g  methods, another  NC t a r g e t i n g  rou t ine  which uses 
p rec i s ion  i n t e g r a t i o n  f o r  s t a t e  vec tor  propagation vas used. 
T h i s  r o u t i n e  w i l l  be called the "prec is ion  NC/NH/NSR" method 
and is  discussed i n  Reference (5). 

The au thors '  vers ions of t h e  NCC, NSR,  and T P I  
t a r g e t i n g  rou t ines  w e r e  also required f o r  the study. 
r o u t i n e s  are discussed respec t ive ly  in References (61 and 
( 3 ) ,  and are r ep resen ta t ive  of the on-board t a r g e t i n g  rou t ines .  
These rou t ines  use p rec i s ion  i n t e g r a t i o n  and a non-spherical  
g r a v i t y  model wnen advancing the  state vec to r s .  

These 

I V .  Out l ine  of t h e  Studv 

The study was s t a r t e d  by e s t a b l i s h i n g  re ference  
t r a j e c t o r i e s  for  minimum, maximum, and average phase angle  
d i f f e r e n c e s  a t  NC1 f o r  each M number from 4 through 1 6 .  
A t  each maneuver event of t he  re ference  t r a j e c t o r y ,  t h e  
l o c a t i o n  of t h e  a c t i v e  vehicle  w i t h  r e spec t  t o  t h e  t a r g e t  
v e h i c l e  and t h e  de l ta -v  required f o r  the maneuver were 
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recorded. 
using t h e  p rec i s ion  NC/NH/NSR method f o r  t h e  NC1 and NC2 
maneuvers and t h e  NCC/NSR and T P I  rou t ines  f o r  those respec- 
t i v e  maneuvers. These maneuver de l t a -v ' s  w i l l  be r e f e r r e d  
t o  as t h e  re ference  so lu t ion .  

The re ference  t r a j e c t o r y  maneuvers w e r e  computed 

Next, a c t u a l  t r a j e c t o r i e s  w e r e  computed using 
the  proposed on-board t a rge t ing  methods. Again, a t  each 
maneuver po in t  t h e  l o c a t i o n  of t h e  a c t i v e  veh ic l e  w i t h  
r e spec t  t o  t h e  t a r g e t  vehic le  and the maneuver de l t a -v ' s  
were recorded. I n  t h i s  way the r e s u l t i n g  a c t u a l  trajec- 
t o r i e s  could be compared t o  the  re ference  trajectories i n  
term of the  r e l a t i v e  pos i t ion  d ispers ions  a t  each maneuver 
event  and t h e  de l ta -v  requirements. A comparison of the 
d i spe r s ions  i n  r e l a t i v e  pos i t ion  a t  events ,  r a t h e r  than a t  
t h e  same value of t i m e ,  it necessary because the t i m e  of 
occurrence of events  such as  NC2 and NCC w i l l  no t  necessa r i ly  
be t h e  same f o r  t h e  reference t r a j e c t o r y  and t h e  a c t u a l  
t r a j e c t o r y .  

Two a c t u a l  t r a j e c t o r i e s  were computed f o r  each 
re ference  t r a j e c t o r y .  One was obtained by using t h e  
cor rec ted  modified C S I  method and t h e  o t h e r  by using t h e  
uncorrected modified C S I  method. A t  t h e  N C 1  and NC2 
maneuver p o i n t s ,  t h e  a c t u a l  t r a j e c t o r y  t a r g e t i n g  problem 
was a l s o  solved using the prec is ion  NC/NH/NSR and t h e  t r u e  
conic  NC/NH/NSR t a r g e t i n g  methods. These s o l u t i o n s  w e r e  
no t  implemented, bu t  were obtained t o  compare with t h e  
modified C S I  so lu t ions .  The NCC, N S R ,  and T P I  maneuvers 
w e r e  computed using the  same rou t ine  used f o r  t h e  reference 
t r a j e c t o r i e s  . 

The states f o r  the  a c t u a l  t r a j e c t o r i e s  a t  N C 1  
w e r e  t h e  same as t h e  reference t r a j e c t o r y  s ta tes ,  t h e  
dev ia t ions  t h e r e a f t e r  are due t o  the d i f f e r e n c e  between 
t h e  re ference  maneuver de l ta -v ' s  and the a c t u a l  maneuver 
de l ta -v ' s .  A l l  maneuvers were implemented impulsively.  
The states a t  N C 1  w e r e  se lec ted  t o  be r ep resen ta t ive  of 
t h e  s t a t e s  t ha t  w i l l  e x i s t  for t h e  a c t u a l  Skylab mission. 
T h e  a c t i v e  s t a t e  a t  NCl w a s  at about -40  degrees l a t i t u d e ,  
i n  a 50' i n c l i n a t i o n  o r b i t ,  and moving i n  a souther ly  
d i r e c t i o n .  The  pass ive  s t a t e  was ahead of t h e  a c t i v e  
veh ic l e  by the requi red  phase angle.  The t w o  o r b i t s  w e r e  
i n i t i a l l y  coplanar,  b u t  would e x h i b i t  a s m a l l  wedge angle 
by t h e  time of t h e  NCC maneuver due t o  t h e  d i f f e r e n t  
precession rates. The NCC and NSR maneuvers c o r r e c t  t h e  
p lanar  problem; however, for  t h i s  s tudy t h e  out-of-plane 
Components of de l ta -v  a t  NCC and NSR were n o t  included 
i n  t h e  de l ta -v  requirements. A l l  o t h e r  maneuvers have 
only in-plane components of delta-v.  
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V. Simulation Resul ts  

T e s t  cases were run  f o r  minimum, average, and 
maximum phasing condi t ions f o r  each M number from 4 through 
16 .  A comparison of t h e  cor rec ted  and uncorrected a c t u a l  
t r a j e c t o r i e s  with t h e  reference t r a j e c t o r y  f o r  t h e  average 
phasing condi t ion w i l l  be presented t o  i l l u s t r a t e  t h e  
genera l  conclusions obtained from t h e  study. Generally,  
t h e  average phasing condition cases adequately i l l u s t r a t e  
t h e  r e s u l t s  of t h e  study. Some examples of minimum and 
maximum phasing cases w i l l  be presented t o  amplify c e r t a i n  
poin ts .  

Figure 2 shows an expanded p l o t  of  t h e  po r t ion  of 
t h e  Skylab rendezvous from NC2 t o  TPF. T h e  f i g u r e  is taken 
from Reference ( 7 )  and shows t h e  r e l a t i v e  pos i t i on  of t h e  
re ference  t r a j e c t o r y  f o r  a l l  t h r e e  phasing cases. The 
reader  should r e f e r  back t o  t h i s  p l o t  during t h e  remainder 
of t h e  d iscuss ion  of r e l a t i v e  p o s i t i o n  e r r o r s  a t  NC2 and 
NCC i n  order  t o  f u l l y  understand t h e  ex ten t  of t h e  errors. 

Two po in t s  must be made clear before  giving t h e  
s imulat ion r e s u l t s .  
vous p r o f i l e  i s  not  a del ta-v optimum p r o f i l e  because of 
t h e  use of t h e  NCC maneuver. I f  a l l  maneuvers from NC1 
through NSR w e r e  performed as  ho r i zon ta l  d e l t a - v ' s  a t  an 
a p s i d a l  c ross ing ,*  then t h e  t o t a l  del ta-v from NC1 through 
T P I  would be about 4 6 0  f t / s ec  f o r  t h e  re ference  t r a j e c t o r y .  
However, it i s  poss ib l e  t h a t  the NCC maneuver will not  be 
d i r e c t e d  along the  ve loc i ty  vec tor  and thus  w i l l  be a non- 
optimum maneuver. The de l t a -v ' s  required f o r  the Skylab 
re ference  p r o f i l e  are about 4 6 0 ,  4 8 0 ,  and 4 9 0  f t / s e c  
r e spec t ive ly  f o r  t h e  minimum, average, and maximum phasing 
cases .  

The f i r s t  i s  t h a t  t he  proposed rendez- 

The second po in t  is tha t  the del ta-v d i f f e r e n c e s  
between the a c t u a l  maneuvers and the p rec i s ion  computed 
maneuvers must no t  be examined as a percentage e r r o r .  The 
a c t u a l  numerical d i f f e rence  between t h e  t w o  s o l u t i o n s  is 
t h e  important parameter. For example, t h e  p rec i s ion  NC1 
maneuver s o l u t i o n  is  on the  o rde r  of 23 f t / s e c  f o r  a maxi- 
mum phasing case and 2 3 4  ft/sec f o r  a minimum phasing case .  
An  e r r o r  of +12 ft/sec i n  either case produces about t h e  
same d i f f e r e n t i a l  a l t i t u d e  (27 nm) and downrange e r r o r s  a t  
NC2 ( 2 1 6  nm per  o r b i t  of coast ing f l i g h t )  when compared t o  
t h e  r e spec t ive  re ference  t r a j e c t o r i e s .  

*This i s  assuming a l l  maneuvers from N C 1  through NSR 
increase t h e  energy of t h e  o r b i t .  
cussed i n  more d e t a i l .  

T h i s  po in t  w i l l  be d i s -  
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An important ,  though n o t  s u r p r i s i n g ,  e a r l y  
conclusion i s  t h a t  t h e  modified CSI t a r g e t i n g  method 
produces e x c e l l e n t  r e s u l t s  when compared t o  t h e  t r u e  
conic  NC/NH/NSR method. The d i f f e r e n c e s  w e r e  g e n e r a l l y  
on t h e  o r d e r  of 0 .5  f t / s e c ,  and t h e  maximum error w a s  
less than  one f t / s e c .  This  w a s  t r u e  regardless of  
whether or no t  both r o u t i n e s  used t h e  c o r r e c t i o n  f o r  
Keplerian propagation. I n  o the r  words, t h e  approxha -  
t i o n s  used i n  t h e  modified C S I  t a r g e t i n g  method are 
q u i t e  good f o r  t he  range of rendezvous t ra jector ies  of 
i n t e r e s t  t o  Skylab. For t h i s  reason,  no tes t  r e s u l t s  
comparing t h e  s o l u t i o n s  obtained by t h e  t w o  methods w i l l  
be given. In s t ead ,  a l l  test  r e s u l t s  w i l l  compare t h e  
modified CSI s o l u t i o n s  t o  t h e  p rec i s ion  NC/NH/NSR s o l u t i o n s .  

Table 2 shows t h e  N C 1  s o l u t i o n s  f o r  t h e  
r e fe rence  trajectories where t h e  p r e c i s i o n  t a r g e t i n g  
r o u t i n e  i s  used, and f o r  the a c t u a l  t ra jector ies  where 
t h e  modified C S I  r o u t i n e  is used. T h e  modified C S I  
s o l u t i o n s  are shown both w i t h  and wi thout  t h e  c o r r e c t i o n  
f o r  Keplerian propagation. T h e  s ta te  v e c t o r s  f o r  the  
r e fe rence  t ra jector ies  and f o r  the a c t u a l  t r a j e c t o r i e s  
w e r e  i d e n t i c a l  a t  t h e  NC1 t a r g e t i n g  p o i n t ,  and so t h e  
p r e c i s i o n  s o l u t i o n s  f o r  the a c t u a l  t ra jector ies  are t h e  
same as the r e fe rence  t r a j e c t o r y  so lu t ions .  T h e  d e l t a - v ' s  
f o r  t h e  r e fe rence  trajectories are a l l  about  t h e  same 
va lue  because approximately the  same (average) phasing 
cond i t ions  e x i s t  f o r  each M number. 

I t  i s  seen t h a t  t h e  a c t u a l  d e l t a - v ' s ,  when 
using t h e  c o r r e c t i o n  for Keplerian propagat ion,  agree 
very c l o s e l y  w i t h  t h e  p rec i s ion  s o l u t i o n s ;  however, the 
a c t u a l  de l t a -v ' s ,  wi thout  the c o r r e c t i o n ,  vary cons iderably ,  
reaching a maximum error a t  M=14. I n  Reference ( 8 1 ,  it i s  
shown t h a t  t h e  error i s  pr imar i ly  a func t ion  of t h e  
d i f f e r e n c e  i n  t h e  active and pass ive  v e h i c l e  l a t i t u d e s  
The  l a t i t u d e  of t h e  a c t i v e  vehic le  i s  f i x e d  a t  about  -40 
degrees  f o r  a l l  N C 1  cases; however, t h e  l a t i t u d e  of t h e  
ta rge t  v e h i c l e  v a r i e s  w i t h  M . *  The maximum N C 1  t a r g e t i n g  
error will r e s u l t  whex the  t a r g e t  vehicle i s  marest  zero 
l a t i t u d e .  T h i s  i s  the s i t u a t i o n  f o r  M=14. 

*The l a t i t u d e  of  the t a r g e t  vehicle v a r i e s  from about 
-50 degrees  for  M=4 t o  about +23 degrees  f o r  M = l 6  for the 
average phasing case. 
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Table 3 shows t h e  ac tua l  t r a j e c t o r y  p o s i t i o n  
e r r o r s  a t  the  NC2 maneuver event.  The e r r o r s  are t h e  
d i f f e r e n c e s  between t h e  r e l a t i v e  p o s i t i o n s  of t h e  a c t u a l  
t r a j e c t o r y ' s  NC2 l oca t ions  and t h e  re ference  t r a j e c t o r y ' s  
NC2 l oca t ions  measured r e l a t i v e  t o  t h e  t a r g e t  veh ic l e  a t  
t h e  NC2 event.  For average phasing condi t ions ,  t h e  
re ference  t r a j e c t o r y  NC2 maneuver p o i n t  i s  loca ted  about 
80 nm below and 350 nm behind t h e  t a r g e t  veh ic l e  ( i n  t h e  
coordinates  of Figure 2 ) .  I f ,  f o r  a p a r t i c u l a r  case ,  t h e  
a c t u a l  de l ta -v  a t  N C 1  (shown i n  T a b l e  2 )  i s  l a r g e r  than 
t h e  re ference  de l ta -v ,  then t h e  a c t u a l  t r a j e c t o r y  w i l l  have 
a h igher  a l t i t u d e ,  and hence a smaller d i f f e r e n t i a l  a l t i t u d e  
a t  NC2. 
a l t i t u d e .  S imi l a r ly ,  t h e  catch-up r a t e  of t h e  a c t u a l  tra- 
j e c t o r y  w i l l  be slower than f o r  the  re ference  t r a j e c t o r y ,  
t h u s  t h e  a c t u a l  t r a j e c t o r y  w i l l  l a g  the  re ference  t r a j e c t o r y  
and r e s u l t  i n  a p o s i t i v e  e r r o r  i n  downrange d i s t ance  a t  
NC2.  The reverse  is  t r u e  when t h e  N C 1  de l ta -v  i s  smaller  
than it should be. 

T h i s  w i l l  r e s u l t  i n  a negat ive  error i n  d i f f e r e n t i a l  

From Table 3 it i s  seen t h a t  t h e  downrange 
p o s i t i o n  e r r o r  a t  NC2 can be s i g n i f i c a n t  i f  t h e  co r rec t ion  
f o r  Keplerian propagation i s  n o t  used a t  NC1.  For t h e  
average phasing case, t h e  re ference  t r a j e c t o r y  phase angle  
between t h e  a c t i v e  vehic le  and t h e  t a r g e t  veh ic l e  a t  NC2 
i s  about 5.5 degrees.  The phase angle  a t  NC2 f o r  t h e  a c t u a l  
t r a j e c t o r y  without t h e  Keplerian c o r r e c t i o n  a t  N C 1  i s  on 
t h e  o rde r  of 1 0  degrees f o r  t h e  worst  case e r r o r  (M=14). 
The corrected.Modif ied CSI so lu t ion  a t  NC1,  however, produces 
small  p o s i t i o n  e r r o r s  a t  NC2. 

Computed NC2 de l t a -v ' s  f o r  t h e  re ference  t r a j e c t o r y  
and f o r  t h e  cor rec ted  and uncorrected a c t u a l  t r a j e c t o r i e s  
are shown i n  Table 4 .  S i n c e  the a c t u a l  t r a j e c t o r y  NC2 
l o c a t i o n s  a r e  d i f f e r e n t  from the re fe rence  t r a j e c t o r y  l o c a t i o n s ,  
t h e  p rec i s ion  NC2 s o l u t i o n s  f o r  t h e  a c t u a l  t r a j e c t o r i e s  are 
a l s o  shown. 
d e l t a - v ' s  for  t h e  cor rec ted  ac tua l  t r a j e c t o r i e s .  F i r s t ,  t h e  
p rec i s ion  s o l u t i o n  is  i n  c lose  agreement w i t h  t h e  re ference  
s o l u t i o n ,  and second, the cor rec ted  modified CSI s o l u t i o n  is 
i n  c l o s e  agreement with t h e  prec is ion  so lu t ion .  
agreement i s  simply because, a s  i nd ica t ed  i n  T a b l e  3 ,  t h e  
co r rec t ed  N C 1  s o l u t i o n  achieves the NC2 p o s i t i o n  very w e l l .  
The second agreement ind ica t e s  t h a t  t h e  cor rec ted  NC2 s o l u t i o n  
a l s o  models t h e  real world very w e l l .  

Two po in t s  become apparent upon examining t h e  

The f i r s t  

Examination of the d e l t a - v a s  a t  NC2 f o r  t h e  
uncorrected a c t u a l  t r a j e c t o r i e s  shows that ,  f i r s t ,  the 
d i f f e r e n c e  between t h e  prec is ion  s o l u t i o n  and t h e  r e fe rence  
s o l u t i o n  v a r i e s  as a funct ion of t h e  M number, and second, 
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ERROR I N  POSITION AT NC2 EVENT 

(Relative P o s i t i o n  of Actual T r a j e c t o r y  - 
Relative P o s i t i o n  of Reference T r a j e c t o r y )  
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TABLE 3 Resul t ing  Errors a t  NC2 Due t o  NC1 T a r g e t i n g  
(Reference t ra jec tory  i s  8 1  nm below 
and 350 nm behind ta rge t  vehicle)  
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there i s  good agreement between t h e  uncorrected Modified 
C S I  s o l u t i o n  and t h e  prec is ion  so lu t ion .  The f i r s t  i s  
because, as ind ica t ed  i n  Table 3 ,  d i f f e r e n t  phasing problems 
a r e  being solved a t  NC2 for t h e  re ference  and f o r  t h e  actual  
t r a j e c t o r y .  Again, t h i s  phasing e r r o r  i s  due t o  using t h e  
uncorrected NC1 so lu t ion .  The agreement between the uncor- 
r ec t ed  Modified C S I  and t h e  p rec i s ion  s o l u t i o n s  a t  NC2 i s  due 
t o  t h e  f a c t  t h a t  unl ike t h e  NC1 t a r g e t i n g  problem, t h e  
l a t i t u d e  of t h e  t a r g e t  vehic le  a t  NC2 i s  about t h e  same f o r  
a l l  M numbers and i s  close t o  t h e  l a t i t u d e  of t h e  a c t i v e  
vehic le .  Hence, t h e  inherent  e r r o r  i n  an uncorrected conic 
s o l u t i o n  i s  small .  

Table 5 shows t h e  r e s u l t i n g  phasing e r r o r s  a t  NCC 
f o r  the  cor rec ted  and uncorrected a c t u a l  t r a j e c t o r i e s .  T h e  
e r r o r  i s  computed i n  t h e  same way a s  f o r  Table 3 .  The r e f e r -  
ence t r a j e c t o r y  i s  about 20 nm below and 1 2 0  nm behind t h e  
t a r g e t  veh ic l e  a t  t h e  NCC event.  Again, the conclusion from 
Table 5 i s  t h a t  with t h e  co r rec t ion  f o r  Keplerian propagation, 
t h e  a c t u a l  t r a j e c t o r y  i s  very close t o  t h e  reference.  How- 
ever ,  without t h e  cor rec t ion ,  t h e  e r r o r  can be s i g n i f i c a n t  
and f o r  M numbers g r e a t e r  than 9 ,  t h e  p o s i t i v e  downrange 
p o s i t i o n  e r r o r s  have a secondary d e l e t e r i o u s  e f f e c t .  The 
amount of on-board VHF t racking  p r i o r  t o  t h e  NCC maneuver 
i s  reduced because of t h e  300 nm l i m i t  on VHF t racking .  I n  
t h e  worst case ( M = 1 4 )  the  NCC maneuver occurs a t ' a b o u t  the  
300 nm range, thus no VHF range d a t a  a t  a l l  would be a v a i l a b l e  
t o  support  t h i s  maneuver. 

Table 6 summarizes t h e  del ta-v requirements a t  
NCC and NSR, and g ives  t h e  t o t a l  del ta-v required from N C 1  
through TPI  f o r  t h e  reference t r a j e c t o r i e s  and f o r  t h e  un- 
co r rec t ed  a c t u a l  t r a j e c t o r i e s .  The  NCC maneuver f o r c e s  on- 
t i m e  a r r i v a l  a t  t h e  required T P I  condi t ions and t h e  del ta-v 
requi red  for  T P I  i s  about 20.8 f t / s e c  i n  a l l  cases.  
Kepler cor rec ted  a c t u a l  t r a j e c t o r y  i s  c l o s e  t o  t h e  r e fe rence  
t r a j e c t o r y  a t  every maneuver po in t  w i t h  t h e  r e s u l t  t h a t  the 
de l t a -v ' s  d i f f e r  from t h e  reference t r a j e c t o r y  by less than 
a couple of feet jszzond.  Therefore,  EO dats  a r e  given for 
t h e  co r rec t ed  a c t u a l  t r a j e c t o r y .  

I n  Table 6 it i s  seen t h a t  t h e  t o t a l  d e l t a - v ' s  
requi red  for  t h e  uncorrected a c t u a l  t r a j e c t o r i e s  a l s o  
d i f f e r  very l i t t l e  from t h e  re ference  trajectories.  The 
l ack  of a del ta-v penal ty  i s ,  however, somewhat i l l u s o r y  
s i n c e  when t h e  effects of navigation and maneuver execut ion 
errors are considered, a r e a l  del ta-v penal ty  can r e s u l t  f o r  
t h e  uncorrected case,  and not f o r  t h e  cor rec ted  case. T h e  
M=8 average phasing case i l l u s t r a t e s  the p o t e n t i a l  del ta-v 
pena l ty  problem. I n  Table 2 it is seen that the NC1 de l ta -v  
s o l u t i o n  is t oo  s m a l l ,  and hence t h e  catch-up r a t e  w i l l  be too 
fas t .  From Table 3 it is seen t h a t  t he  r e l a t i v e  NC2 

T h e  
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Relat ive p o s i t i o n  of Reference Trajectory) 
(Relat ive p o s i t i o n  of Actual Tra jec tory  - 

With Correction f o r  Without Correct ion f o r  
Keplerian Proprogation Keplerian Proprogation 

Error i n  Error i n  Er ro r  i n  Error i n  

TABLE 5. Error in Rela t ive  Posit ion at NCC Event 
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p o s i t i o n  is  about 38 nm too c lose  a s  compared t o  the r e l a t i v e  
NC2 pos i t i on  f o r  t h e  reference t r a j e c t o r y .  Thus, t h e  NC2 
maneuver must decrease t h e  catch-up r a t e  with t h e  r e s u l t  
t h a t  the a c t u a l  de l ta -v  a t  NC2 i s  g r e a t e r  than t h a t  f o r  t h e  
re ference  t r a j e c t o r y  (Table 4 ) .  

The NC2 maneuver p a r t i a l l y  co r rec t ed  t h e  phasing 
error so t h a t  a t  NCC, t h e  ac tua l  t r a j e c t o r y  was only about 
21 nm ahead of t h e  re ference  t r a j e c t o r y  (Table 5 ) .  However, 
t h e  important th ing  i s  t h a t  while t h e  re ference  t r a j e c t o r y  
i s  about 20 nm below t h e  t a r g e t  o r b i t  a t  NCC, t h e  a c t u a l  
t r a j e c t o r y  i s  only about 11.5 nm below. T h e  c o e l l i p t i c  o r b i t  
i s  1 0  nm below t h e  t a r g e t  o r b i t .  I f  NCC had occurred above 
t h e  c o e l l i p t i c  o r b i t  a l t i t u d e ,  then NSR would be a re t rograde  
maneuver and there would have been a de l ta -v  pena l ty .  Con- 
sequent ly ,  i f  navigat ion o r  execution errors a t  N C 1  w e r e  such 
a s  t o  cause t h e  N C 1  maneuver t o  ob ta in  an even f a s t e r  catch-up 
r a t e  ( a  Smaller value of de l t a -v ) ,  then  t h e  downrange d i s t a n c e  
error a t  NC2 would be l a r g e r ,  t h e  NC2 catch-up r a t e  must be 
decreased s t i l l  f u r t h e r ,  and NCC would then occur above the 
c o e l l i p t i c  o r b i t  a l t i t u d e .  
t h e  NCC maneuver po in t  above t h e  c o e l l i p t i c  o r b i t  a l t i t u d e ,  
and t h e  NSR re t rograde  del ta-v r ep resen t s  the penal ty .  

The e x t r a  de l ta -v  requi red  t o  r a i s e  

S imi l a r ly ,  too  l a rge  a de l ta -v  a t  N C 1  can r e s u l t  i n  
a de l ta -v  penal ty  by forcing NC2 t o  be a r e t rog rade  maneuver. 
However, as seen from t h e  data ,  t h e  margin f o r  error is g r e a t e r  
on t h e  high s i d e  than on the  l o w  s i d e .  S ix  f t / s e c  too small  
reached t h e  l i m i t ;  however, 12 f t / s e c  too  l a r g e  s t i l l  d id  not  
produce anywhere nea r  an NC2 r e t rog rade  maneuver. Actual ly ,  
t o o  l a r g e  a maneuver a t  NC1 w i l l  probably produce i n e f f i c i e n t  
NCC and NSR maneuvers and t h u s ,  an inc rease  i n  t he  del ta-v 
c o s t  before  forc ing  NC2 t o  b e  a r e t rog rade  maneuver. This 
can be i l l u s t r a t e d  but  f irst  it i s  necessary t o  d iscuss  two 
a d d i t i o n a l  examples. 

Tables 7 and 8 show t h e  t w o  a d d i t i o n a l  examples of 
t h e  del ta-v requirements and t h e  r e l a t i v e  p o s i t i o n  e r r o r s  a t  
each maneuver po in t  f o r  uncorrected a c t u a l  trajectories.  The  
M=i6 minhiiri phasing requirement and the M=13 rnaxiriniii phasing 
cases have been se l ec t ed  as the examples because they involve 
t h e  l a r g e s t  del ta-v e r r o r s  a t  NC1.  As i s  t h e  case w i t h  t h e  
average phasing requirement cases ,  t h e  l a r g e s t  N C 1  del ta-v 
e r r o r  r e s u l t s  when t h e  t a r g e t  veh ic l e  i s  near  zero l a t i t u d e  
a t  t h e  time of NC1. 

As can be seen from Tables 6 ,  7 ,  and 8 ,  the t o t a l  
de l ta -v  requirement from NC1 through T P I  v a r i e s  with t h e  phasing 
requirements.  
t o  t h e  non-optimum NCC maneuver. However, the minimum phasing 

T h i s  point  was discussed previously and is due 
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case of Table 7 f u r t h e r  i l l u s t r a t e s  a de l ta -v  pena l ty  f o r  
t h e  a c t u a l  t r a j e c t o r y  caused by t o o  l a r g e  a maneuver a t  N C 1  
and t h e  use of t h e  NCC maneuver. I n  t h i s  example t h e  NC2 
p o i n t  i s  higher  than  f o r  t h e  r e fe rence  t r a j e c t o r y ,  t hus  NCC 
w i l l  be a t  a l o w e r  a l t i t u d e  than f o r  t h e  r e fe rence  t r a j e c t o r y .  
The r e s u l t  i s  a de l ta -v  penal ty  of about 1 0  f t / s e c .  However, 
it should be noted t h a t  t h e  t o t a l  de l ta -v  requi red  f o r  t h e  
minimum phasing (with a penal ty)  example i s  s t i l l  less than  
t h e  t o t a l  de t la -v  requi red  f o r  t h e  maximum phasing case. 

Table 7 a l s o  i l l u s t r a t e s  a t h i r d  p o t e n t i a l  de l ta -v  
pena l ty  t h r e a t  caused by too l a r g e  a del ta-v a t  N C 1 .  T h e  
threat  i s  t h a t  N C 1  raises the  a l t i t u d e  of NC2 above the 
c o e l l i p t i c  o r b i t  a l t i t u d e .  T h i s  i s  m o s t  l i k e l y  t o  happen 
fo r  t h e  minimum phasing cases s i n c e  the re ference  NC2 
a l t i t u d e  i s  only 1 0  nm below the c o e l l i p t i c  o r b i t  a l t i t u d e  
and t h e  upper l i m i t  on del ta-v error a t  N C 1  i s  about 1 7  f t / sec  
before t h i s  type  of pena l ty  would r e s u l t .  Furthermore, s i n c e  
t h e  de l ta -v  budget must provide f o r  t h e  maximum phasing c a s e ,  
t h i s  type  of pena l ty  would probably not  be a problem. 

The co r rec t ed  a c t u a l  t r a j e c t o r i e s  f o r  minimum and 
maximum phasing condi t ions  a t  N C 1  w e r e  run f o r  a l l  M numbers, 
and these agreed w i t h  t h e i r  r e s p e c t i v e  r e fe rence  t r a j e c t o r i e s  
t o  t h e  same degree as f o r  the  average phasing condi t ion  cases 
given here in .  

V I .  Conclusions 

The conclusions of t h i s  s tudy are: 

1. The modified C S I  t a r g e t i n g  method produces 
e x c e l l e n t  s o l u t i o n s  f o r  the N C 1  and NC2 maneuvers when 
compared t o  t h e  so lu t ions  obtained by t h e  conic  NC/NH/NSR 
t a r g e t i n g  method. T h e  del ta-v d i f f e r e n c e s  w e r e  g e n e r a l l y  
on t h e  o rde r  of 0 . 5  f t / s e c ,  and no tes t  case had a d i f f e r e n c e  
g r e a t e r  than one f t / s e c .  This means t h a t  t he  approximations 
used i n  t h e  modified CSL method are adequate f o r  the Skylab 
rendezvous. 

2. Conic t a r g e t i n g  w i t h  the c o r r e c t i o n  f o r  Kepler ian 
propagat ion produced e x c e l l e n t  s o l u t i o n s  f o r  t h e  N C 1  and NC2 
maneuvers when compared t o  the p rec i s ion  i n t e g r a t e d  solu- 
t i o n s .  T h e  de l ta -v  d i f f e rences  w e r e  g e n e r a l l y  less than  
one f t / s e c .  

3 .  The N C 1  maneuver in-plane del ta-v can be iLn e r r o r  
by several ft/sec on either s i d e  of the i d e a l  s o l u t i o n  w i t h  
no apprec iab le  a f f e c t  on t h e  t o t a l  del ta-v requi red  f o r  
rendezvous. (Within t h i s  range, t h e  small  change t o  the 
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t o t a l  de l ta -v  i s  caused by t h e  second order effects  of t h e  
non-optimum NCC-NSR t r a n s f e r . )  Outside t h e  range, one o r  
more of t h e  subsequent maneuvers w i l l  be  r e t rog rade  and a 
s i g n i f i c a n t  de l ta -v  pena l ty  is poss ib l e .  T h e  conic  t a r g e t i n g  
methods without  t h e  co r rec t ion  f o r  Keplerian propagation 
produce N C 1  de l ta -v  s o l u t i o n s  ranging from 6 .  f t / s e c  t o o  
small  t o  about 13.5 f t / s e c  too l a r g e  over t h e  range of M 
numbers considered.  These extreme va lues  a r e  near  t h e  edge 
o f ,  b u t  w i t h i n ,  t h e  no de l ta -v  pena l ty  range. Note t h a t  . 
t h i s  i s  not  a s t a t i s t i ca l  spread. A p a r t i c u l a r  b iased  
s o l u t i o n  w i l l  r e s u l t  from a p a r t i c u l a r  phasing s i t u a t i o n .  
I t  would be b e t t e r  practice, however, t o  u se  t h i s  range 
t o  absorb t h e  e f f e c t s  of navigat ion and execut ion errors 
a t  NC1.  A biased  t a r g e t i n g  s o l u t i o n ,  t oge the r  w i t h  expected 
naviga t ion  and execut ion e r r o r s ,  is  l i k e l y  t o  r e s u l t  i n  
N C 1  s o l u t i o n s  o u t s i d e  t h e  no penal ty  range. 

s o l u t i o n  causes t h e  a c t i v e  vehic le  t o  be f u r t h e r  behind 
t h e  ta rge t  a t  NC2 and a t  NCC. T h i s  r e s u l t s  i n  an inc rease  
i n  t h e  s l a n t  range during the  NC2 t o  NCC phase,  so g r e a t ,  
i n  s o m e  cases, t h a t  VHF t racking  i s  n o t  poss ib l e  p r i o r  t o  
t h e  NCC maneuver. 

4 .  An N C 1  s o l u t i o n  which is l a r g e r  than t h e  i d e a l  

V I I .  Reconkendation 

I t  is  recommended t h a t  a c o r r e c t i o n  f o r  Keplerian 
propagation be incorpora ted  f o r  t h e  Skylab CSM on-board 
t a r g e t i n g  r o u t i n e  f o r  t h e  NC1 maneuver. Otherwise, t h e  
t a r g e t i n g  b i a s  e r r o r s  can r e s u l t  i n  a s i g n i f i c a n t  decrease 
(or  even e n t i r e  e l imina t ion )  of pre-NCC on-board naviga t ion  
and, toge ther  wi th  navigat ion and execut ion e r r o r s ,  can  
r e s u l t  i n  r e t rog rade  (hence, f u e l  wasting) maneuvers. 

&+&, 
C. 0. Guff 

COG 1 0  2 5 -Rep- 1 i R. C .  Purkey 6 
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